INTRODUCTION
The understanding and manipulation of the light emitting 30 behaviour of solid-state emitting luminescent materials is a topic of current research interest. 1−8 Modification or alteration of molecular structures and/or packing arrangements is the most common approach for tuning and controlling the emissions of luminescent compounds in the solid state. One approach to 35 achieve various emission colours from the same compound is the existence of different crystalline and amorphous phases displaying different molecular conformations or packings. [6] [7] [8] Generally, the molecular packing is controlled by subtle interplay between different noncovalent intermolecular interactions among 40 the components, such as cations, anions, solvents, etc. Therefore, variations in noncovalent intermolecular interactions between the building blocks of a crystal could be an effective strategy to finetune its solid-state luminescent properties. 8 Another strategy involves the controlling of molecular structures and/or packings 45 with external stimuli such as thermal, optical, electrical, mechanical, solvent vapour etc. leads to the development of stimuli-responsive luminescent materials whose emissions can be repeatedly switched between different emission colours. [1] [2] [3] [4] [5] [6] [7] [8] Mechanochromic luminescent materials dynamically switch their 50 luminescence colour by responding to mechanical stimuli such as grinding, pressing or shearing. [1] [2] [3] [4] [5] The subsequent reversion to their original luminescence colour is usually achieved upon recrystallization or thermal treatment. [1] [2] [3] [4] [5] [9] [10] [11] These materials have attracted increased attention because of their potential 55 applications in optical storage and memories, mechanical sensors, displacement and deformation detectors, optoelectronic and display devices. 1 Such materials could also serve as models for studying the luminescent colour changes associated with structural changes of their molecular assemblies that switch from 60 one state to another under mechanical stimuli. However, despite their importance in future technology development the design principles of mechanochromic luminescent materials is less well studied. [12] [13] [14] Further in-depth understanding of the underlying molecular mechanism may provide the basis for improved and 65 innovative design strategies for novel mechanochromic luminescent materials. Very recently it was reported that some aggregation-induced emission (AIE) active organic compounds also exhibit mechanochromic luminescent properties. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Molecules with AIE activity emit more efficiently in solid-state 70 (nanoparticle, powder, crystal, etc.) than in the dissolved form. [15] [16] [17] [18] [19] [20] [21] However, it was suggested that AIE active organic molecules with propeller-like conformation bearing aromatic rotors might be ideal candidates as mechanochromic materials. [12] [13] [14] The multiple phenyl functions of these molecules undergo active 75 intramolecular rotations, which quench their emission in solution. The dynamic intramolecular motions, e.g. rotation of phenyl functions, are restricted in the solid-state rendering the molecules emissive. 18, 19 This AIE phenomenon is opposite to commonly observed aggregation-caused quenching. 18, 19 However, there are 80 still no examples of metal complexes that simultaneously exhibit AIE activity, phase-dependent and stimuli-responsive luminescent properties. Therefore, it is not astonishing that the general design principles of AIE active mechanochromic luminescent metal compounds, particularly those with 85 remarkably tuneable emission wavelength can not be found in the literature.
Most of gold(I) complexes are luminescent, and with a judicious choice of ligands or anions, coordination geometry, and the extent of aurophilic Au···Au interaction it is possible to tune 90 the emission energies of these compounds over a wide spectral range. [22] [23] [24] In some cases different luminescent colours of gold(I) complexes emerge as a result of the formation of crystalline polymorphs. [25] [26] [27] [28] [29] [30] [31] There are just some examples, in which gold(I) complexes were found to crystallize concomitantly. [25] [26] [27] The luminescence from gold (I) complexes has also attracted  considerable attention because of the range of intriguing  luminescence  thermochromism,  mechanochromism,   5 vapochromism as well as solvoluminescent properties that have resulted in response to various external stimuli. 32−41 There are, however, a relatively limited number of mechanochromic luminescent gold complexes reported in the literature.
36−44 Balch reviewed such visually detected changes in the luminescence of 10 gold and other transition metal complexes. 2 Fackler and coworkers reported that the grinding of the non-luminescent crystals of [(TPA) 2 Au][AuCN] (TPA = 1,3,5-triaza-7-phosphaadamantane) initiates a strong green emission. 36 Eisenberg and co-workers have found that a weakly emissive thiouracil (tuH) 15 gold(I) complex, [Au 2 (μ-tuH)(μ-dppm)](CF 3 CO 2 ) after gentle crushing exhibits intense blue luminescence as a result of a molecular structure modification occurred upon a solid-state chemical reaction (release of CF 3 CO 2 H). 40 However, up to now, only two gold(I) complexes that exhibit reversible 20 mechanochromic luminescence have been reported. 42 , 43 Ito and Sawamura reported the [(F 5 C 6 Au) 2 (μ-1,4-CNC 6 H 4 )] complex that shows a change in its luminescence colour from blue to yellowgreen upon grinding and subsequent reversion to its original emission colour upon solvent treatment. 42 The intense blue 25 luminescence of [Au(dppb) 2 ]BF 4 complex (dppb = 1,2-bis(diphenylphosphino) benzene) after continuous grinding changed into yellow orange and its original emission recovered in the presence of VOCs. 43 Helicates formed by spontaneous and cooperative self-30 assembly of metal ions and ligand strands attracted much attention from the scientific community as helicity is an essential element of life and is also important in functional materials.
45
Dinuclear double-stranded helicates consisting of gold(I) atoms and diphosphine ligands (diphos) have been reported by us and 35 others. [46] [47] [48] [49] 50 These helicates whose axis consists of short Au···Au contacts show dynamic switching between enantiomers in solution. [46] [47] [48] 50 On the basis of above considerations, dinuclear doublestranded helicate constructed from luminescent gold(I) atoms and 40 diphosphine ligands bearing aromatic rotors are of particular interest for in-depth investigation and potential application as consequence of having conformationally flexible core and wellsuited luminescent properties. As a result of conformationally flexibility, it is rational to envisage that several solid-state forms 45 of dinuclear double-stranded helicate could be obtained by the choice of crystallization conditions (solvent, concentration, temperature, etc.). However, different molecular conformations and packing arrangements could play significant role in tailoring the solid-state luminescent properties. Moreover, we envisage 50 that these helicates could also exhibit stimuli responsive properties. However, it is apparent that effective control of any functional system rests upon the comprehensive understanding of the origin of the stimuli-responsive behaviour. When the diethyl ether fraction is increased to 99.5%, the emission spectrum indicates the presence of red (λ max = 616 nm) emitting aggregates, however, a small amount of royal blue emitting assemblies were also present. To our knowledge, this is the first metallosupramolecule that exhibits five AIE colours ( 2+ helicate and its solidstate emission properties, crystallization experiments were 40 performed and photoluminescence spectra were recorded. As we already know, the vapour diffusion of diethyl ether into a concentrated dichloromethane solution of 1 at ambient temperature afforded large, brilliant, and beautifully formed crystals. 46 However, in this previous work the crystallization 45 conditions and the solid-state emission properties of the asobtained double stranded [Au 2 L 2 ] 2+ helicate were not examined. In addition to crystalline blue I B (Fig. 5a) , bluish green II G ( In contrast to these extremely stable crystalline forms of double stranded [Au 2 L 2 ] 2+ helicate, the fast desolvation of the II G crystals changes their emission colour from bluish green through 30 green and yellow to red (Fig. S4 in ESI) . The as-resulting red emitting IV R(desolv IIG) form (λ max = 685 nm, τ 1 = 3.9 μs (43%), τ 2 = 15 μs (57%), Fig. 3 ) is amorphous ( Fig. S5 in ESI) , and its emission characteristics (Fig. 6 ) matched that of amorphous IV R . Apparently, this thermally induced crystalline-to-amorphous 35 transformation exerts a dramatic influence on the photoluminescence properties. The loss of the original luminescence and the formation of a new emission colour upon desolvation has been rarely observed for gold(I) compounds. 25 These different crystalline and amorphous forms obtained by 2+ helicate. Table S1 (ESI).
RESULTS AND DISCUSSION
The low-temperature X-ray structural data ( , for details see  Figures S13, S17, S19 and Tables S3, S11 , S14 in the Supporting 2+ helicate is shown in Fig. 8 . In all these crystal structures, the bulkiness of the diphosphine ligand prevents the formation of intermolecular 15 aurophilic Au···Au interactions. Hence the molecular packing of these crystalline forms is primarily governed by π···π interactions between the dinuclear double stranded [Au 2 L 2 ]
2+ helicates (for details see the Figures S14, S18, S20 and Tables S4, S12, S15 in the Supporting Information). Intermolecular π···π interactions, 20 however, can have dramatic impact on the solid-state luminescence properties and can lead to red shifts in the emission spectra. 7 In I B crystal, the [Au 2 L 2 ] 2+ helicates are packed into head-to-tail fashion to form columnar stacks (Fig. 8a) based on π···π interactions between the xanthene chromophore and phenyl 25 groups (centroid-centroid distance of 5.08 and 5.84 Å, for details see Figure S14 and Table S4 in the Supporting Information). These columnar stacks are also held together by π···π interactions (centroid-centroid distance of 3.70, 4.84, 4.87, 5.32 and 5.95 Å, for details see Figure S14 and Figures S13-S16 and Tables S3, S4, (Fig. 8b) . Here each dimer overlaps via additional π···π interactions with two halves of dimers in the row above and below (centroid-centroid distance of 4.41, 4.93, 4.98, 5.47 and 5.99 Å, for details see Figure S18 and Table S12 in the Supporting Information). In fact, the dinuclear double 2+ helicates are more slipped in II G than in I B . As a result of this somewhat increased π-conjugation, the emission maximum of II G displays a red shift compared with that of I B . However, in I B crystal there are additional C−H···π interactions (Table S5 in 2+ helicate. In contrast to crystal structures, where the relative orientations of molecules are strictly defined, a large distribution of molecular packing is possible in amorphous solids. 17 Within this random packing arrangements, a larger set of favourable π···π interactions helicates together with other noncovalent interactions may be responsible for the red emission observed for the amorphous IV R .
Similarity among the emission spectrum of the blue emitting I B crystal at room temperature and glassy ethanol solution of 1, 46 as well as, diphosphine ligand at 77 K 46 suggests that in this case, the luminescence occurred mainly from single molecules.
Moreover, on the basis of the long lifetime of I B this blue emission can be attributed to the phosphorescence from the intraligand type excited state. On the other hand, the shorter lifetimes and red-shifted emissions of crystalline II G and III Y as well as amorphous IV R compared with that of crystalline I B form 10 indicate that the increasing number of intra-and mainly intermolecular π···π interactions lock and rigidify the figure- 2+ species were achieved owing to the conformational flexibility of the double stranded helicate, which in its turn, 30 generates diverse molecular conformations and packing arrangements modulated mainly by π···π interactions in the solidstate.
Stimuli-Responsive Luminescence
As we already mentioned, up to now, only two gold(I) 35 complexes that exhibit reversible mechanochromic luminescence have been reported. 42, 43 A molecular-level understanding of these mechanically induced reversible luminescence changes in these gold complexes remains unclear. 2 It was, however, suggested that the grinding-induced new emission might arises from 40 emerging aurophilic Au···Au interactions or distortion of the molecular conformation. 2, 42, 43 Very recently, it was reported that a small mechanical stimulus can trigger a single-crystal-to-singlecrystal transformation of a (C 6 H 5 )Au(CNC 6 H 5 ) complex. 44 The transformation proceeds through self-replication and blue 45 photoluminescence of the crystal changes into yellow one after mechanical stimulus. 44 2+ helicate was evident upon mechanical perturbation. When the blue emitting I B crystals were ground the luminescence colour of the as-formed powder IV R(ground IB) changed to red (Fig. 9a) . Its emission spectrum (λ max 55 = 690 nm, τ 1 = 3.4 μs (33%), τ 2 = 14 μs (67%)) is identical to that of amorphous IV R (Fig. 6) . The red shift of 200 nm in luminescence emission upon grinding is unprecedented among mechanochromic luminescent compounds. The peak intensities significantly decreased and broadened in the PXRD pattern of this IV R(ground IB) powder, however, the presence of some peaks indicates an amorphous phase with only shortrange order (Fig. 10b) . The luminescence lifetimes of the crystalline I B and amorphous IV R(ground IB) forms indicate that the 70 non-radiative decay is more suppressed in crystalline state, resulting in significantly longer lifetime than in amorphous state. The original blue luminescence restored when the red emitting IV R(ground IB) was exposed to dichloromethane vapour (Fig. 9b) . 80 This newly formed I B(IVR ground IB) shows an emission spectrum identical to that of I B (Fig. 6 ) and sharp diffraction peaks emerge again (Fig. 10c) . Thus, the exposure to solvent vapours induces the crystallization of amorphous powder, and this amorphous-tocrystalline transformation is accompanied by significant 85 luminescence shift. The dynamic switching process between blue and red luminescence can be repeated many times by using subsequent grinding and solvent fuming cycles (Fig. 11) . We next conducted the mechanical triggering experiment with a much considerable/higher mechanical stimulus involving ballmilling. We implemented the ball-milling technique to further study these crystalline-to-amorphous (CTA) and amorphous-tocrystalline (ATC) transformations. The crystalline I B complex was ball-milled and the transformation was monitored by PL 5 spectroscopy. Remarkably, as shown by PL spectra (Figure 12 ), the crystalline I B complex was amorphized by ball-milling after 9 minutes, and the resulting IV R(ball-milled IB) powder, was identical to red emitting amorphous IV R form. Further we probed the solvent-drop assisted ball-milling to 15 achieve amorphous to crystalline transformations. The PL spectra (Fig. 12) showed that the amorphous IV R(ball-milled IB) sample obtained by mechanochemical CTA transformation was easily transformed/converted back into crystalline blue emitting I B(IVR ball-milled IB) form by grinding with dichloromethane for 2 minutes. 20 To our knowledge, this is the first precedent, when the reversion to original luminescence colour has been achieved by solventdrop assisted ball-milling process. These CTA and ATC phase changes were accompanied by a dramatic luminescence colour change. These results indicate that the mechanochemical wet or 25 solvent-drop assisted ball-milling techniques can be used to perform reversible CTA and ATC transformations.
To show more clearly the mechanochromic and vapochromic luminescent properties of our dinuclear double stranded [Au 2 L 2 ] 2+ helicate, I B in n-hexane suspension was deposited on a filter 30 paper, which further was dried at ambient temperature. As shown in Fig. 13 , various kinds of symbols can be recorded by handwriting on this paper using a spatula. These patterns can be erased by solvent fuming and new marks can be recorded. This simple experiment reveals a reversible recording-erasing process, which can be repeated by alternating amorphous-tocrystalline transformations. These intriguing dynamic phase change properties render this material particularly attractive for a wide range of applications such as optical recording, security inks 45 and papers, latent image developers as well as pressure, deformation and volatile organic compound sensors.
Based on PXRD results (Fig. 10) 2+ helicate, the molecular packing is loose and under continuous mechanical stress the entire crystal can be easily destroyed leading to the formation of an amorphous 55 phase. In the crystalline state, the molecules are closely packed, however, they can escape the mechanical stimulus by farreaching migrations. 54 In accordance with PXRD spectrum, however, some memory of blue luminescent crystalline form appears to be retained in amorphous form obtained by grinding. 60 This memory of molecular self-assembly patterns would direct the conformationally mobile dinuclear [Au 2 75 Surprisingly, in accordance with the reported PXRD data, 42, 43 the previously reported gold(I) complexes exhibiting reversible mechanochromic luminescent properties are in fact phase change materials. On the basis of these results, it seems plausible that the mechanochromic luminescence of gold-containing compounds 80 proceeds through a mechanism that allows dynamic switching between crystalline and amorphous states. The ATC transformations are significant both from conceptual as well as application perspectives. 57, 58 They are familiar in phase-change materials, pharmaceutical compounds and biomineralization. 57 ,58 85 We further tested the applicability of our findings on a previously synthesized double-stranded [Au 2 L 2 ] 2+ helicate consisting of gold(I) atom and 4,6-bis(diphenylphosphino)-phenoxazine ligand (L'). 48 The luminescence colour of this dinuclear [Au 2 L' 2 ]
2+ helicate can also be switched reversibly 90 from ochre to dark red through repeated ball-milling and methanol-assisted ball-milling cycles (Fig. 14) . 
EXPERIMENTAL SECTION
. All chemicals and solvents used for the syntheses were of reagent grade. The solvents for synthesis were used without further purification. All manipulations were performed in air. 1 was prepared according to a published procedure. dichloromethane. The as-resulting clear solution was then filtered through Celite. To this filtrate 15 mL of diethyl ether was carefully layered and the mixture was placed in a refrigerator (4 °C). Bluish green luminescent II G crystals were obtained overnight. However, small amounts of blue luminescent crystals 55 were also formed alongside these crystals. Ball-milling experiment: CTA transformation was performed using 100 mg of crystalline sample placed into 5 mL agate jar with two 7 mm diameter agate balls was ground with a Retsch 100 MM400 shaker mill operating at 25 Hz for the specified time. The ATC transformation was performed on the amorphous sample obtained from CTA transformation with the addition of 30 μL dichloromethane. After every 1 minute of milling, a small amount of sample was taken out of the jar, and its PL spectrum 105 was recorded.
Physical Measurements
The elemental analysis has been carried out with an Elementar Vario EL III apparatus. Infrared spectra were recorded in the 550 to 4000 cm 1 spectral range on a Varian 2000 FT-IR spectrometer 110 equipped with Golden Gate Single Reflection Diamond ATR (Attenuated Total Reflection) accessory (Specac). Steady state and time-resolved luminescence measurements were carried out on an Edinburgh Instrument FLSP920 spectrofluorimeter. Spectral corrections were applied using excitation and emission correction functions of the instrument. The solid-state room temperature emission studies were conducted on finely ground 5 powder samples placed on a Quartz Suprasil plate in a front face sample holder. Photoluminescence spectra of II G were recorded on crystals placed with a small amount of mother liquor in a 5 mm quartz tube. Longpass filters were used to exclude the scattered excitation light. The excitation light source was a 10 μF900H xenon flashlamp (pulse duration: 2 μs at FWHM) for the luminescent lifetime measurements. Powder diffractograms were produced with Cu-K  radiation on a vertical high-angle Philips PW 1050 powder diffractometer.
X-ray Crystallography and Data Collection

15
Crystals were mounted in Paratone-N oil within a conventional cryo-loop, and intensity data were collected on a Rigaku R-AXIS RAPID image plate diffractometer ((Mo-K  radiation) = 0.71070 Å), fitted with an X-stream low temperature attachment. Several scans in the φ and ω direction were made to increase the 20 number of redundant reflections, which were averaged over the refinement cycles. The structures were solved by direct method (SIR92) 59 and refined by full-matrix least-squares (SHELXL-97). 60 All calculations were carried out using the WinGX package of crystallographic programs. 61 In complex I B , we modelled a 
